We have analyzed the optical light curve of the symbiotic star V407 Cyg that underwent a classical nova outburst in 2010 March. Being guided by a supersoft X-ray phase observed during days 20-40 after the nova outburst, we are able to reproduce the light curve during a very early phase of the nova outburst. Our model consists of an outbursting white dwarf and an extended equatorial disk. An extremely massive white dwarf of 1.35-1.37 M ⊙ is suggested. The optical light curve is also consistent with a sharp drop 47 days after the outburst, which is the end of hydrogen shell-burning on the white dwarf. Although the extremely massive white dwarf is favourable to the interpretation that V407 Cyg is a recurrent nova, enrichment of heavy elements in the ejecta suggests that the white dwarf is eroded and, as a result, its mass is not increasing. Therefore, V407 Cyg may not explode as a Type Ia supernova even if it is a carbon-oxygen white dwarf.
INTRODUCTION
V407 Cygni is a D-type symbiotic star consisting of a mass-accreting WD (hereafter WD) and a Mira-type red-giant (hereafter RG) with a pulsating period of 745 days (e.g., Munari et al. 2011 ). V407 Cyg is also an SiO maser source (e.g., Deguchi et al. 2011) . V407 Cyg was discovered to be undergoing a classical nova outburst on 2010 March 10.8 UT by Nishimaya & Kabashima (2010) . Gamma-rays from a classical nova was first detected during this outburst (Abdo et al. 2010) . The optical light curve in the early phase shows a very rapid decline with t 2 = 5.9 and t 3 = 24 days in the V -band (Munari et al. 2011) , suggesting a very massive WD and a similarity to the symbiotic recurrent nova RS Oph. The light curve of V407 Cyg is complicated because it is contaminated by the contribution of a large disk. It shows an extremely rapid decline as fast as U Sco in the very early phase but soon after it slows down to enter a plateau phase after it decays by only 2 mag. Therefore, we compare V407 Cyg with RS Oph and U Sco.
In this paper, we investigate (1) the mass of the WD, i.e., whether it is close or not to the Chandrasekhar mass, and (2) the growth of the WD mass, whether it is increasing or not. These two points are of crucial importance to know whether or not V407 Cyg is a Type Ia supernova progenitor.
CALCULATION OF RECURRENT NOVA OUTBURSTS
Recurrent nova is a binary system in which mass is transferred onto a WD primary from a main-sequence (MS) or a RG secondary. The eruption is well modeled as a thermonuclear runaway (hydrogen shell flash), which occurs when a certain amount of mass (∆M ig ) is accumulated on the surface of the WD. From their short recurrence periods (from about ten to several tens of years) and very rapid optical declines, it is believed that their WDs are very massive and close to the Chandrasekhar mass (Hachisu & Kato 2001) . If the WD mass increases after every outburst, it will soon explode as a Type Ia supernova (Nomoto 1982; Hachisu et al. 1996 Hachisu et al. , 1999a Hachisu & Kato 2001) . It is, therefore, crucially important to know how close the WD mass is to the Chandrasekhar mass and how much mass is left on the WD after one cycle of nova outburst.
The WD envelope rapidly expands and blows winds (Kato & Hachisu 1994 ) as a result of the hydrogen shell-flash, and its photospheric radius reaches a maximum and then gradually shrinks. Since the total luminosity is almost constant during the outburst, the photospheric temperature increases in time. We easily understand this from Stefan-Boltzmann's equation, L ph = 4πR ph σT 4 ph , where L ph , R ph and T ph are the photospheric luminosity, radius and temperature, respectively. The main emitting region of photons moves from optical to ultraviolet, and then finally to supersoft X-ray, corresponding to T ph ∼ 10 4 K through T ph ∼ 10 6 K . The photosphere shrinks at the end of the wind phase and a supersoft X-ray phase starts (Kato 1999) . We are able to constrain the mass range of the WD and its mass growth rate if turn-on/turnoff of a supersoft X-ray phase are detected, because they indicate the duration of the wind mass loss (how much mass is ejected) and hydrogen shell burning without wind mass loss (how much mass is left).
COMPARISON WITH RS Oph 2006 OUTBURST
RS Oph is a binary with P orb = 453.5 days (Schaefer 2009 ) consisting of a massive WD and a RG companion. Hachisu et al. ( , 2007 have modeled such a system as shown in Figure 1 . The evolution of the WD photosphere is calculated by the method described in the previous section. The disk and the companion are irradiated by the WD. We divided the surfaces of the disk and the companion into small patches and calculated the emissivity from thermal balance. Therefore, each patch has a different temperature. Then we summed up each contribution and obtained luminosities of the disk and the companion. Figure 2 shows the calculated total brightness of RS Oph (thin solid line labelled 'blackbody'), i.e., WD + disk + RG. We also added a contribution of free-free emission from optically thin plasma outside the photosphere (thin solid line labelled 'free-free'). A thick solid line shows the total luminosity of the 'blackbody' + 'free-free'. The WD dominates in early phases but it decays rapidly and then the irradiated disk surpasses the WD component in later phases. Figure 3 shows the same model as in Figure 2 but the supersoft X-ray flux is added. The figure is plotted on a linear time scale, so we can see a plateau phase clearly, which lasts about 50 days. The optical luminosity of the plateau phase is due mainly to the irradiation of the disk. The irradiated disk is bright as long as the central WD is hot and luminous. In the plateau phase, the temperature of the WD is as high as T ∼ 1.3 × 10 6 K, and the WD becomes a supersoft Xray source. When hydrogen shell-burning extinguishes, the supersoft X-ray source phase terminates and, at the same time, the optical plateau phase also ends. This is very consistent with the fact that the end of a supersoft X-ray phase is coincident with the end of a mid-plateau phase as shown in Figure 3 , about 80 days after the optical maximum of RS Oph.
The visual light decayed rapidly during the first week and then the decay gradually slowed down ('early decline phase'). It remained at about 10th magnitude from day 40 to day 80 after the optical maximum, i.e., for about 40 days ('midplateau phase'). The optical mid-plateau phase of RS Oph is first clearly identified by the y-band light curve of the 2006 outburst . The final decline started about 80 days after the optical maximum ('final decline phase'). It eventually decayed to 12th magnitude ('post-outburst minimum'), which is a magnitude fainter than during quiescent.
A very bright supersoft X-ray phase of RS Oph was extensively observed with the Swift XRT. Osborne et al. (2011) reported the emergence of highly variable soft X-ray flux between days 30 and 40 after the optical maximum. Then the supersoft X-ray flux was stabilized at about day 40 and reached a maximum at about day 50, followed by a linear decline between days 60 and 80 from ∼ 200 to ∼ 100 counts s −1 for 0.2 − 10 keV. The system started a rapid decline at about day 80. Thus the duration of the supersoft X-ray phase is about 50 days.
To compare the light curves of RS Oph with that of V407 Cyg, we adopt the distances to both objects as listed in Table 1 , i.e., d = 1.6 kpc for RS Oph (e.g., Hjellming et al. 1986 ) and d = 2.7 kpc to V407 Cyg (Munari et al. 1990 ). Each extinction is E B−V = 0.73 for RS Oph (Snijders 1987 ) and E B−V = 0.50 for V407 Cyg (Shore et al. 2011) . Since the distance moduli in V magnitude are (m−M ) V = 13.29 for RS Oph and (m−M ) V = 13.71 for V407 Cyg, the difference in absolute V magnitudes between RS Oph and V407 Cyg is 0.42. We plot the light curve of V407 Cyg in Figure 3 , which is shifted up by 0.42 mag to match the absolute magnitude of these two objects. The peak brightness of RS Oph (2006) was one magnitude brighter than that of V407 Cyg. The decay in the very early phase is much faster in V407 Cyg than in RS Oph, indicating a more massive WD in V407 Cyg. V407 Cyg also shows a plateau phase during days 30-50. The final decline started about day 50 after the outburst. Munari et al. (2011) wrote "A distinct knee at day +47 could mark the end of the stable hydrogen burning on the WD by analogy with RS Oph )". It is very interesting that the brightness of the plateau phase is almost the same between these two objects.
The similar brightness of the plateau phase indicates that the disk size of V407 Cyg is as large as that of RS Oph, i.e., R d ≈ 66 R ⊙ for V407 Cyg. On the other hand, the end of the plateau phase is shorter in V407 Cyg (47 days) than in RS Oph (80 days), suggesting a more massive white dwarf in V407 Cyg (M WD > 1.35 M ⊙ ).
COMPARISON WITH U Sco 2010 OUTBURST
U Sco is a recurrent nova that underwent its tenth recorded outburst on 2010 January 28. This outburst was also densely observed at various wavelengths. Figure 4 shows the optical development of the outburst (taken from AAVSO and VSOLJ archives). The brightness decayed very rapidly during the first ten days ('early decline phase') and then stayed at about 14th magnitude from day 10 to day 35 after the optical maximum, i.e., for about 25 days ('mid-plateau phase'). The final decline started about 35 days after the optical maximum ('final decline phase'). It eventually decayed to 17th magnitude.
A very bright supersoft X-ray phase was detected with the Swift XRT. Since Xray data have not been published yet, we analyse Swift XRT observations available in the HEASARC 1 database following the standard procedures. Figure 4 shows average values of the supersoft X-ray count rates in 1000 s bins. A bright supersoft X-ray phase appeared on day 12 after the optical maximum. Then the supersoft X-ray flux brightened up continuously to about day 35 and reached a maximum there, followed by a rapid decline between days 35 and 45. Thus the duration of supersoft X-ray phase is about 25 days, being coincident with the duration of the mid-plateau phase.
We have also calculated optical and supersoft X-ray light curves of U Sco in the same way as those in RS Oph, which are also plotted in Figure 4 (black solid line for optical and black dashed line for X-ray). We assume the WD mass of M WD = 1.37 M ⊙ and the size of the disk of R d = 4 R ⊙ . An optically thick wind phase ended on day 13 after the outburst and, at the same time, a supersoft X-ray phase started. The supersoft X-ray phase ended about 35 days after the outburst as shown in Figure 4 , i.e., the hydrogen shell-burning ended. This model reproduces well the observed optical light curve and X-ray turn-on/turn-off times. Figure 4 also shows the light curve data for V407 Cyg. The decay of V407 Cyg 2010 outburst is almost the same as that of U Sco at least in the first several days, but the brightness of the plateau phase is much brighter in V407 Cyg than in U Sco. The final decline started 47 days after the outburst. This final decline is later than the 35 days in U Sco but earlier than the 80 days in RS Oph, suggesting that the WD mass of V407 Cyg is more massive than that of RS Oph, but less massive than that of U Sco, i.e., 1.35 M ⊙ < M WD < 1.37 M ⊙ for V407 Cyg. Figure 4 shows the light curve of V407 Cyg shifted upward by 1.4 mag against that of U Sco. This value can be explained as the difference of distance modulus between U Sco and V407 Cyg. We adopt the distance and extinction to U Sco to be d = 6.7 kpc and E B−V = 0.32 (e.g., Hachisu et al. 2000) as listed in Table 1 . Since the distance modulus in V magnitude is (m − M ) V = 15.12 in U Sco and (m − M ) V = 13.71 in V407 Cyg, the difference in absolute V magnitudes between U Sco and V407 Cyg is 1.41. We plot the light curve of V407 Cyg shifted by about 1.4 mag. These two light curves almost overlap around the peak of outburst. This means that the peak brightness of U Sco (2010) is almost as bright as that of V407 Cyg.
The brightness of the plateau phase is about five magnitudes brighter in V407 Cyg than that in U Sco, suggesting a hundred times wider area of the irradiated disk. This fact is roughly consistent with the size ratio of (66/4) 2 ∼ 300 as listed in Table 1 , considering the fact that the outer part of the disk is much darker than the inner part.
SUMMARY OF V407 Cyg
Thus the supersoft X-ray light curve, as well as the optical plateau phase, has led us to derive various physical parameters of the WD. Now we can conclude that the WD mass is 1.35 M ⊙ < M WD < 1.37 M ⊙ from optical light curve analysis of RS Oph and U Sco. No supersoft X-ray phase of V407 Cyg was reported in the Swift X-ray data of Shore et al. (2011) . However, Mukai et al. (2012) presented the X-ray observation with Suzaku, as well as with Swift, and pointed out that a supersoft X-ray phase emerged around days 20-40 after the outburst. This is very important information that encouraged us to model V407 Cyg with a very massive WD. Based on this supersoft X-ray phase reported by Mukai et al., we are able to reproduce both optical and soft X-ray light curves as shown in Figure  3 for a 1.37 M ⊙ WD mass with a large equatorial disk of R d = 66 R ⊙ . Such an extremely massive WD is very interesting in relation to Type Ia supernova progenitors. However, enrichment of heavy elements reported by Shore et al. (2011) suggests that the WD was eroded and, as a result, its mass is not increasing. If it is the case, V407 Cyg may not explode as a Type Ia supernova. It should be noted that, if these heavy elements have originated from the Mira, V407 Cyg may explode as a Type Ia supernova as is expected in RS Oph and U Sco.
